Despite their great promise, small experimental thermophotovoltaic (TPV) systems at 1000 K generally exhibit extremely low power conversion efficiencies (approximately 1%), due to heat losses such as thermal emission of undesirable mid-wavelength infrared radiation. Photonic crystals (PhC) have the potential to strongly suppress such losses. However, PhC-based designs present a set of non-convex optimization problems requiring efficient objective function evaluation and global optimization algorithms. Both are applied to two example systems: improved micro-TPV generators and solar thermal TPV systems. Micro-TPV reactors experience up to a 27-fold increase in their efficiency and power output; solar thermal TPV systems see an even greater 45-fold increase in their efficiency (exceeding the Shockley-Quiesser limit for a single-junction photovoltaic cell).
Introduction
Thermophotovoltaic (TPV) systems convert heat into electricity by thermally radiating photons, which are subsequently converted into electron-hole pairs via a low-bandgap photovoltaic (PV) medium; these electron-hole pairs are then conducted to the leads to produce a current [1] [2] [3] [4] . As solid-state devices, they have the potential for higher reliability, vastly smaller form factors (meso-and micro-scales), and higher energy densities than traditional mechanical engines. However, most systems emit the vast majority of thermal photons with energies below the electronic bandgap of the TPV cell, and are instead absorbed as waste heat. This phenomenon tends to reduce TPV system efficiencies well below those of their mechanical counterparts operating at similar temperatures, as shown in Fig. 1(a) [5] . Photon recycling via reflection of low-energy photons with a 1D reflector is a concept that significantly reduces radiative heat transfer [3, 4] . This approach can also be extended to encompass the more general concept of spectral shap- ing: directly suppressing emission of undesirable (below bandgap) photons as well as enhancing emission of desirable (above bandgap) photons. Such control is provided by complex 1D, 2D, and 3D periodic dielectric structures, generally known as photonic crystals (PhCs) [6] . Spectral shaping has been proposed and predicted to be an effective approach for high-efficiency TPV power generation [7] [8] [9] [10] [11] [12] [13] [14] [15] . This approach is illustrated in Fig. 1(b) .
Two specific classes of designs have already been studied in depth: narrow-band thermal emitters exhibiting wavelength, directional, and polarization selectivity [11, 12] , and wide-band thermal emitters with emissivity close to that of a blackbody within the design range but much lower outside the design range [7, 9, 13, 15, 16] . Intermediate-band designs combining features of each are also possible.
However, the potential benefits of exploring many designs can be overwhelmed by the difficulty of finding the optimum, as defined by an appropriate figure of merit. In particular, the generalized class of realistic multidimensional PhC design problems typically pose a non-convex optimization problem, in which many local optima can exist [17] . Furthermore, power generation in related systems, such as portable fuel cell devices, has also been demonstrated to pose a non-convex optimization problem as well [18, 19] . The problem at hand can be addressed via carefully designed global optimization algorithms capable of navigating this complex landscape. In this paper, two example TPV systems of great relevance are chosen and then optimized (with constraints): micro-TPV (µTPV) generators and solar thermal TPV systems. It is shown that appropriately chosen figures of merit can be increased by over an order of magnitude in both cases, illustrating the tremendous promise of this approach.
The remainder of this manuscript is structured as follows: in section 2, we discuss our computational approach to simulating the performance of a single TPV design, as well as globally optimizing performance for entire TPV design classes. In section 3, we apply this technique to the µTPV generator, which uses a hydrocarbon fuel micro-combustor to heat our selective emitter. In section 4, we apply our computational approach to the solar thermal TPV system, which poses the additional problem of optimizing a selective absorber for sunlight. We conclude by summarizing our findings in section 5.
Computational Approach
The performance of the structures discussed in this paper are studied via a combination of optical and thermal models. Two tools are used to compute their absorptivity spectra. For layered 1D and 2D structures, we use the transfer matrix method [20, 21] implemented by a freely available software package developed at the University of Ghent called CAMFR [22] . Plane wave radiation is applied from air at normal incidence, and fields are propagated through each layer to yield reflectance, transmittance, and absorptivity. Note that although in principle radiation should be integrated over all angles, normal incidence is an excellent approximation for our structures up to angles of ±π/3: see Fig. 12 . For more complex 3D structures, we employ a finite difference time-domain (FDTD) simulation [23] implemented via a freely available software package developed at MIT, known as Meep [24] . Again, a plane wave is sent from the normal direction and propagated through space. On each grid point of a flux plane defined at the front and back of the computational cell, the electric and magnetic fields are Fouriertransformed via integration with respect to preset frequencies at each time-step. At the end of the simulation, the Poynting vector is calculated for each frequency and integrated across each plane, which yields the total transmitted and reflected power (first subtracting the incident-field Fourier transforms for the latter) at each frequency [24] . To capture material dispersion, the c-Si regions are modeled with a complex dielectric constant that depends on wavelength, as in Ref. 25 . The lower-index dielectric materials considered in this work generally have very large band gaps; thus, their absorption and dispersion can generally be neglected over the range of wavelengths considered in this work [26] . Errors can also arise due to discretization, which can be reduced at higher resolutions. Apart from these approximations, both of our calculation methods for the optical properties are exact. Our two methods agree well when applied to sample 1D and 2D problems, even in the presence of dispersion. The emissivity of each structure can be calculated from the absorptivity computed above via Kirchhoff's law of thermal radiation, which states that the two quantities must be equal at every wavelength for a body in thermal equilibrium [27] .
The figure of merit, as defined below for each physical system, must be optimized over all optimization parameters. This global optimum is found through the application of the multi-level single-linkage (MLSL), derivative-based algorithm using a low-discrepancy sequence (LDS) [28] . This algorithm executes a quasi-random (LDS) sequence of local searches using constrained optimization by linear approximation (COBYLA) [29] , with a clustering heuristic to avoid multiple local searches for the same local minimum. We verified that other global search algorithms, such as DIRECT-L [30] , yield similar results. This ability to directly utilize and compare multiple optimization packages on the same problem is provided by the NLopt package, written by the present authors and freely available on our website, http://ab-initio.mit.edu/nlopt. 
Micro-TPV Generator

System description
Our µTPV generator is a system designed to convert chemical energy stored in hydrocarbon fuel into electrical power within a form factor comparable to a matchbox [31] . The basic design is shown in Fig. 2 . The µTPV generator operates as follows: hydrocarbon fuel (e.g., propane or butane) is fed with oxygen into a microchannel defined within a silicon structure. Oxygen is supplied at a rate 50% higher than the stoichiometric ratio, to ensure the fuel is fully consumed. The inner surfaces of the microchannel are wash-coated with a 5% platinum (by weight) catalyst supported on γ-alumina (Sigma Aldrich). The hydrocarbon is catalytically combusted on the channel surface, releasing energy as heat. Catalytic combustion is more stable at small scales than homogeneous combustion, with the latter being constrained by increased radical and thermal quenching at the walls [32, 33] . The micro-combustor is designed such that the heat loss to the environment through conduction and convection is small [34] . Thus, most of the heat is released as radiation, primarily in the infrared. Because of the external dimensions of the micro-combustor (1 cm × 1 cm × 1.3 mm), most of the radiation falls on the TPV cells positioned opposite the two large faces to directly convert the radiation into electrical power. Excess heat in the TPV cells is dissipated by air-cooled radiators on the external faces to surrounding heat sinks. Exhaust gases from the micro-combustor could be used to pre-heat the inlet stream in a recuperator to improve the energy efficiency of the system. The electrical output is optimized in real time under changing conditions via low-power maximum power point tracking technology, as discussed in Ref. 31. This system has been demonstrated experimentally by the present authors, albeit at low efficiencies and with modest power output. Several factors account for this suboptimal performance. First, the thermal emission spectrum is poorly matched with the bandgap of the TPV cell. The one used in this experiment was based on the quaternary compound In x Ga 1−x As 1−y Sb y (x = 0.15, y = 0.12) with a bandgap of 0.547 eV. It is constructed with a 1 µm n-InGaAsSb base, 4 µm p-InGaAsSb emitter, an AlGaAsSb window layer, and a GaSb contact layer on an n-GaSb substrate, as described in Refs. 35 and 36. Details of the performance, Table 1 . Experimental measurements of the TPV micro-combustor system depicted in Fig. 2 , with one TPV cell of area 0.5 cm 2 , when fueled by butane and oxygen, as a function of butane flow rate (note that all measurements yielded an open-circuit voltage V oc = 247 mV per cell). Note that I sc is the short circuit current of the cell, and FF is the fill factor, defined as the ratio of the maximum power output to the product of I sc and V oc . . The experimental micro-combustor design was based on a plain silicon wafer as depicted in Fig. 3 (a), which has high and uniform emissivity (∼70% of a blackbody's) throughout the infrared spectrum. Operation of such a structure at T=1000 K results in high thermal emittance of low energy photons, peaking at 0.24 eV, well below the TPV bandgap energy. The net result is that 91% of the emitted thermal radiation is unavailable for conversion into electricity. This wasted thermal power can be worse than useless, as it could overheat a TPV cell with an inadequate heat sink, thus leading to substantial performance degradation [38] .
Another important variable affecting our results is the view factor, defined as the fraction of emitted photons received by the TPV cell. Of course, ideally its value would be 1, but in our experiments, view factor only reached a value of approximately 0.4, due to packaging challenges. The power obtained in a configuration with only one InGaAsSb TPV module below the emitter (of 0.5 cm 2 area with 10% shadowing) measured at peak efficiency was 54.5 mW per cell. Adding three more TPV cells would quadruple the power output to 218 mW, for an electric power density of 121 mW/cm 2 and power conversion efficiency of 0.81% (where efficiency is computed by dividing the electrical power output by the fuel heating flux). See Table 1 for more details. A simulation designed to take these issues into account found a close match to the experiment, with an electric power density of 120 mW/cm 2 and a power conversion efficiency of 0.98% at normal incidence. This discrepancy comes from heat losses not included in the simulation, most notably, radiative emission on the sides of the selective emitter (which are not received by the TPV cell), as well as small amounts of conductive and convective heat transport. The reason that the latter two effects are excluded is that they can be reduced to very small values.
The optimization problem considered in this section is how to design the micro-combustor so as to maximize the product of the electrical power (per unit area) P and power conversion efficiency η of the system -the figure of merit FOM=ηP. This FOM is chosen since spaceconstrained systems need both high efficiencies and high volumetric power densities.
The power (per unit area) can be calculated by starting with the current density,
where q is the elementary charge of a proton, k is Boltzmann's constant, h = 2πh is Planck's constant, c is the speed of light, λ is the wavelength, EQE(λ ) is the external quantum efficiency of the TPV device (experimentally determined to be approximately 82% above the bandgap), Fig. 3 . Three 1D structures examined as selective emitters in this work: (a) a polished Si wafer (b) a polished Si wafer with a 4-bilayer 1D PhC, and (c) a polished Si wafer with a metal layer (tungsten or platinum) and a 4-bilayer 1D PhC. Their optimized emittance spectra are shown in Fig. 4 ; the resulting efficiency, power (per unit area), and overall figure of merit for each structure is listed in Table 2 .
ε(λ ) is the emissivity of the selective emitter, T is the temperature of the emitter, E g is the bandgap of the TPV device, m is the device ideality factor [37] (experimentally determined to be 1.171), T d is the device temperature, n is the refractive index of the TPV semiconductor region, J nr is the dark current density induced by nonradiative recombination (experimentally determined to be 18 µA/cm 2 ), and V is the applied voltage. The output power is obtained by maximizing the electrical output power (per unit area) P = JV (i.e., by setting d(JV )/dV = 0 and back-substituting V ). The efficiency η is obtained by dividing P by the integrated radiative thermal emission
1D selective dielectric and metallodielectric emitters
The structure we seek to optimize is depicted in Fig. 3(b) . It consists of b sub-micron bilayers of silicon and silicon dioxide added on top of the silicon wafer of Fig. 3(a) , with variable period a and chirping r (the ratio of the shortest to longest period is given by (1 − r)/(1 + r)). The chirping is introduced in order to broaden the range of reflected wavelengths, and is implemented via an exponential increase of the period from its lowest to highest value [39] . We constrain the number of bilayers b to integer values between zero and five, to simplify fabrication. An extra cap layer of silicon dioxide is also introduced with a freely varying thickness t suitable for adjusting the phase of the emissivity spectrum. This gives rise to a total of four independent parameters (a, r, t, and b) for the initial optimization. As shown in Fig. 4 , it is found that substantial suppression of silicon emission can be achieved in the photonic bandgap region that extends approximately from 2.5 µm to 4.5 µm. At the same time, enhancement of the spectral emittance can take place for shorter wavelengths (λ < 2.5 µm). After optimization, it is found that projected power generation of the optimal layered structure jumps above 83.91 mW per cell, and the power generation efficiency approximately doubles to 2.042% (compared to a bare silicon wafer), representing an improvement in the overall figure of merit of 159%.
Adding in a thin layer of tungsten (W) with variable thickness w immediately above the silicon substrate, as depicted in Fig. 3(c) , is projected to yield further performance enhancements. In particular, the projected power generation of the same TPV cell from before falls slightly to 69.01 mW per cell, but the power generation efficiency jumps dramatically to 2.912%, representing a cumulative improvement in the overall figure of merit of 204%.
Adding in an optically thick layer of platinum in lieu of tungsten (cf. Fig. 3(c) ) actually yields the greatest performance enhancement, because by decreasing the radiated power to 48.65 mW (Fig. 3(a) ), a polished Si wafer with a 4-bilayer 1D PhC (Fig. 3(b) ), a polished Si wafer with tungsten and a 4-bilayer 1D PhC (Fig. 3(c) ), and a platinum wafer with a 3-bilayer 1D PhC (similar to Fig. 3(c) ). The efficiency, power, and overall figure of merit for each structure is listed in Table 2. per cell, it is also capable of achieving a dramatic efficiency improvement to 5.289%, for a 291% cumulative increase in the overall figure of merit relative to a plain silicon wafer. This data is summarized in Table 2 .
Further improvements are projected to be possible via improvements in the temperature of operation and the view factor. For example, improving the view factor from 0.4 to the maximum value of 1 raises the projected efficiency of the optimized platinum-based structures to 13.22%. Furthermore, raising the temperature from 1000 K to 1200 K further increases efficiency to 21.7%. Note, however, that this efficiency neglects possible increases in the relative contributions of other losses such as convection, conduction, and enthalpic losses. Nonetheless, this represents a 20-fold improvement in efficiency over the initial silicon wafer design, and compares reasonably well with the theoretical maximum efficiency of 53.0% calculated for an idealized step-function emitter and single-junction PV material with identical cutoff wavelengths of λ = 2230 nm, which is only subject to radiative recombination [40] . The remaining differences in efficiencies therefore come primarily from remaining wasted emission in the near-infrared in the platinum-based design, as well as slightly lower open-circuit voltages and fill factors caused by nonradiative recombination (primarily from bulk defects). While improving on the second issue is a demanding materials science problem, easier solutions are in principle available for the first problem of wasted infrared emission. 
Rugate filters and selective emitters
The structures in the above section suffer from the common defect of emission in the midwavelength infrared (viz., 5-20 µm). One obvious approach to suppressing these wavelengths consists of combining a long-wavelength plasma filter in series with the aforementioned quarter-wave stack design [14] . However, these filters partially transmit wavelengths greater than 6 µm, and can fail at temperatures of 363 K and above. If one instead chirps the period of the quarter-wave stack, higher-order reflections can prevent emission at the short wavelengths needed for TPV power generation. However, the introduction of rugate filters can help suppress these higher-order reflections in a robust fashion. The simple principle behind them is to create a refractive index profile in optical thickness space that varies sinusoidally, so as to create a single pure Fourier component to which incoming light can couple to; the lack of any higher-order Fourier modes prevents reflection at higher frequencies [41] . Thus, the introduction of rugate filters has the potential to increase efficiencies toward their theoretical single-junction limits [10] . Because continuously varying refractive indices are challenging to fabricate (although possible in principle with nanoporous materials [42]), we instead discretize each half-period a/2 of the sinusoid into m equal-thickness layers ℓ = 0, . . . , m − 1 with piecewise constant index
Our optimization procedure is employed to optimize the efficiency of an emitter operating with a view factor of 1 at 1200 K with our realistic model of a TPV cell (with bandgap energy E g = 0.547 eV, corresponding to a wavelength λ = 2230 nm). The independent parameters are the same four as for the first silicon/silicon dioxide chirped 1D PhC, with the number of materials in the rugate filter held constant at m = 6 and refractive indices ranging from 1.5 to 3.5. However, for this problem, the maximum number of periods is increased up to 40. We now find an optimal efficiency of 26.2%, representing a 21% improvement in relative efficiency compared to the optimized platinum structure. However, the spectrally averaged emittance for wavelengths below the bandgap remains relatively modest, at only 45.6% (corresponding to a power density of 319 mW/cm 2 ). 
Tungsten photonic crystal selective emitter
Although the previous emitter design based on chirped rugate filters comes close to the optimum power conversion efficiency for a realistic emitter and diode design, it may also be of interest to improve other characteristics of the structure. In particular, the total emittance (integral of the product of emissivity and the spectral emittance of a blackbody) and thus the electric power generated as well as power density can be improved, along with the tolerance to off-angle emission, through the introduction of 3D structures capable of supporting spatially localized resonances. In particular, a structure like the one in Fig. 6(a) , consisting of cylindrical holes arranged in a 2D periodic array will support a number of resonances with a low-frequency cutoff in each cylindrical cavity. The resonances in adjacent holes couple weakly, forming a planar coupled-cavity waveguide [43] . Furthermore, according to a nearest-neighbor interaction approximation (tight-binding), as the proximity and the coupling strength between resonances is increased, the bandwidth of the coupled cavity in-plane propagating modes becomes wider [43] . The full theory underlying this prediction will be outlined in Ref. 44 . Correspondingly, there is a bandwidth of resonant absorption and emission, whose frequency can be tuned by adjusting the dimensions of the individual cylindrical resonators. The result is that this structure will offer the desirable features of high emissivity at short wavelengths and low emissivity at long wavelengths. This behavior has also been previously demonstrated in the literature [7, 9, 13] .
Because of its promising generic features, the combination of a rugate filter placed on top of a tungsten 2D PhC, separated by a small air gap (of at least 10 µm), as depicted in Fig. 6(b) , was computationally optimized. This procedure includes all the independent parameters of the earlier rugate filter, plus three additional independent parameters for the 2D tungsten geometry (the radius, depth, and period of the cylindrical holes), for a total of seven independent parameters. In Fig. 7 , its calculated emissivity is compared with the experimentally measured spectra of two non-optimized structures: a flat single-crystal tungsten wafer, and a 2D PhC with period a = 1.26 µm and radius r = 0.4 µm. The optimized structure has a larger period and radius than the latter structure, specifically a = 1.38 µm and r = 0.645 µm. This acts to red-shift the cutoff wavelength for the structure to a value appropriate for use in conjunction with a high- Fig. 7 . Emissivity spectrum of three tungsten structures: two experimentally measured (flat and a 2D PhC) and one computer-optimized (a 2D PhC with larger a and r). performing rugate filter and InGaAsSb TPV cell. Not surprisingly, the new cutoff of 2.3 µm is quite close to the bandgap wavelength for the TPV material.
Combining the optimized 2D tungsten PhC with an optimized rugate filter yields the spectral emittance displayed in Fig. 8 (assuming F = 1 and T = 1200 K). It is found that the power conversion efficiency stays approximately constant at 26.9%, while the average emittance for useful photons increases substantially, to 59.2%. This amounts to a 29.8% increase in power (per unit area) relative to the plain rugate filter by itself. Fig. 9 . Diagram of a solar TPV system. Sunlight is collected via optical concentrators and sent to a selectively absorbing surface. That structure is thermally coupled to a selective emitter, which in conjunction with a filter, thermally emits photons with energies matched to the semiconductor bandgap of the TPV cell receiving them.
Solar Thermal TPV System
System design
A solar thermal TPV system is a variation on the standard TPV system, illustrated in Fig. 9 , in which optical concentrators, such as parabolic mirrors or Fresnel lenses, are used to concentrate sunlight onto a selective absorber and emitter structure [45] [46] [47] [48] [49] . The selective absorber is a structure designed to absorb solar radiation (as measured by the AM1.5 solar spectrum [50]), but suppress thermal radiation induced by heating of the same structure. They are an integral part of various systems used to convert solar power into heat and/or electricity, such as solar water heaters, solar thermal power, and solar TPV power. In the case of solar TPV, the selective absorber is thermally coupled to the selective emitter, which allows the latter to reach the temperature necessary for most thermally radiated photons to match or exceed the semiconductor bandgap energy in the target TPV cell. The radiation subsequently passes through a filter, which recycles any low-energy photons, and then to the TPV cell, where electricity is generated. In short, solar thermal TPV uses sunlight as a heat source to perform the same basic physical conversion process as in Section 3. From that perspective, it is clear that the two halves of the overall solar thermal TPV system -the optical concentrator and selective absorber subsystem and the selective emitter and TPV cell subsystem -can be decoupled, with the output of the first half serving as input to the second half. In the following two subsections, each half is independently examined and optimized, starting with the optical concentrator and selective absorber subsystem, and concluding with the selective emitter and TPV cell subsystem.
Semiconductor selective absorber
Several types of material structures are particularly suitable for selective absorption, such as intrinsic materials, semiconductor-metal tandems, multi-layer absorbers, metal-dielectric composite coatings, surface texturing, and coated blackbody-like absorbers [51] [52] [53] [54] [55] . Among these, metal-dielectric composites are generally considered to have the greatest promise for high temperature applications (i.e., over 400 • C), with spectrally averaged absorbance of 0.94 and emittance of 0.07 for a single layer of graded Ni-Al 2 O 3 cermet on stainless steel with an SiO 2 AR coating at 500 • C [51]. In second place are semiconductor-metal tandem structures, such as 0.5 Fig. 10 . Three related semiconductor selective absorbers (a) germanium wafer on a silver substrate (b) previous with a single front coating layer (c) germanium on silver with a single dielectric back coating and three front coating layers in front.
µm germanium (Ge), 2.0 µm silicon, and an Si 3 N 4 layer, which yields a weighted absorbance of 0.89 and emittance of 0.0545 at 500 • C.
In this section, we explore improvements to the semiconductor-metal tandems. The best way to combine solar absorbance and thermal emittance at a given temperature into a single figure of merit is to measure the thermal transfer efficiency η t , given by the following expression [52]:
where σ is the Stefan-Boltzmann constant, T is the operating temperature, C is the solar concentration ratio, i.e., the ratio of observed intensity to the solar intensity I (generally considered to be 1 kW/m 2 under standard testing conditions [50]), the spectrally averaged absorptivity of the selective surface is given by α = (1/I) ∞ 0 dλ ε(λ )dI/dλ , where dI/dλ is the spectral light intensity of the sun per unit wavelength under standard test conditions [50] , and its emissivity is given by:
With the objective function defined above, we can then examine the performance of a perfect blackbody under certain conditions, then compare it to a semiconductor-metal tandem structure such as germanium and silver, then add an optimized single front-coating layer, then finally introduce a total of three dielectric layers in front and one behind. These latter three structures are displayed sequentially in Fig. 10 .
In this manuscript, the designs of Fig. 10 are optimized for unconcentrated sunlight at an absorber temperature T = 400 K. The first optimization allows only two independent parameters: the refractive index of the front coating (allowed to range from 1.39 to 3.31) and its thickness (allowed to range up to 1 µm). The second optimization is more challenging, and allows independent variation in the refractive index and thicknesses within the same ranges as before, for a total of eight independent parameters. The results are given in Table 3 , and show that a thermal transfer efficiency of zero for a perfect blackbody can be increased to 42.29% for germanium and silver ( Fig. 10(a) ), 67.82% with an optimized single front coating layer (Fig. 10(b) ), and 88.11% with three optimized front coating layers plus one back coating layer (Fig. 10(c) ). This result is almost equal to previous computer-optimized cermet designs [52] , with the added advantage of much greater potential thermal stability, due to the elimination of aluminum-based cermet compounds displaying low melting points. Fig. 12 shows these optimized designs are Fig. 11 . Optimized emittance spectra of the semiconductor selective absorbers depicted in Fig. 10 , designed for operation in unconcentrated AM1.5 sunlight at 400 K. also robust to variation in incident angles up to ±60 • .
To explore high-temperature applications, we follow the procedure outlined in Appendix B to compute the properties of silicon at 1000 K. With that data in hand, one can then employ structures based on those of Fig. 10 by substituting silicon for germanium. Silicon and silver alone at 1000 K (cf. Fig. 10(a) ) yield a good match between the absorption cutoff and the solar spectrum, as shown in Fig. 13 . As reported in Table 4 , they offer performance 54% superior to that of an idealized blackbody when C = 100. Stronger short-wavelength absorption can be achieved by adding a single front coating (cf. Fig. 10(b) ), as shown in Fig. 13 . This addition yields 70.96% overall thermal transfer efficiency, 95% higher than a blackbody. Finally, us- Fig. 13 . Optimized emittance spectra of the semiconductor selective absorbers depicted in Fig. 10 , with silicon substituted for germanium, designed for operation under concentrated AM1.5 sunlight at 1000 K and C = 100. ing four gradually increasing index materials in front and one low index material in back (cf. Fig. 10(c) ), yields 82.20% overall efficiency, 125% greater than a blackbody, and comparable to earlier efficiency numbers achieved for germanium at 400 K. The slightly lower performance can be attributed to the much greater overlap between the emission curves of the sun and a blackbody at 1000 K (compared to a blackbody at 400 K), as well as slightly weaker absorption from 1-2 µm than for the analogous structure in germanium at 400 K, which can be seen by comparing Fig. 13 with Fig. 11 . 
Selective emitter optical and TPV material joint design
Once the problem of generating heat is solved via a selective solar absorber, the remaining requirements are the same as before: to create a selective emitter system with thermal emission at desirable wavelengths. However, we extend the original work on the µTPV generator in the earlier section by allowing additional degrees of freedom for the energies of the TPV bandgap(s), and consider the system efficiency η defined previously to be our figure of merit this time, due to the fact that any such system will be much smaller than the system of concentrating mirrors -thus, space constraints can be removed. Performance characteristics can be projected for the idealized, physically reasonable case in which recombination is primarily radiative in nature (i.e., no surface or bulk non-radiative recombination is included). Mathematically, this corresponds to applying Eq. (1) with J nr = 0 separately to each junction j with bandgap E g j ; the total power is thus the sum of the power generated at each junction. It is found that chirped rugate filters can once again be used with emitters to strongly suppress emission of photons with energy below a targeted electronic bandgap. They can be optimized with the four parameters outlined previously for a rugate filter, plus a bandgap parameter which dictates the maximum conversion efficiency according to Ref. 40 . Previous work has shown the optimal operating temperature for a TPV selective emitter is 2360 K [49]. Our simulations show that a single bandgap structure operating at that temperature with an optimized bandgap energy of 0.81 eV can yield a power conversion efficiency of 54.2%, as is illustrated in Fig. 14 . We also consider the case where the operating temperature is limited to 1300 K because of practical issues with material stability. In that case, our optimization work indicates the best bandgap values is reduced to 0.41 eV, and the conversion efficiency is reduced to 44.7%. This greatly exceeds the simulated performance of the InGaAsSb TPV cell, which suffers from losses due to partial front reflection and nonradiative recombination.
It is also found that a tandem junction configuration has the ability to further improve performance. This corresponds to the optimization of before with an added bandgap parameter, subject to the constraint that the bandgap in front must have a higher energy bandgap than the one in back (otherwise, no useful photons would reach the junction in back). For an emitter at 2360 K, a dual bandgap structure with bandgaps of 1.01 eV and 0.82 eV yield a power conversion efficiency of 66.3% (22.3% higher than a single junction configuration), as is illustrated in Fig. 15 . Even for an emitter of only 1000 K, the original regime in which efficiencies of 1% were observed (in Section 3), it is found that efficiencies can be maintained at a quite respectable level of 44.0% with a tandem-junction, thus representing a 45-fold improvement over the previously observed conversion efficiency of a plain silicon wafer with an InGaAsSb TPV cell. This substantially exceeds the Shockley-Quiesser limit for a single-junction PV cell of 31% without concentration (C = 1) or 37% under full concentration (C = 46200) [40].
Conclusions
By using two key examples, this manuscript has demonstrated that changing the photonic and electronic design of standard TPV systems can substantially enhance their performance. In particular, it was found that a µTPV generator with a relatively simple optical design can see its power conversion efficiency enhanced by up to a factor of 27 (to 26.2%) via changes in the selective emitter, adding a rugate filter, and retaining more heat (thus allowing the system to burn hotter than before -1200 K instead of 1000 K -with the same fuel flow rate). Also, it was found that a solar TPV power system can concentrate and convert sunlight into electricity with an efficiency 45 times higher than previously found in experiment (44.7%) for a tandem junction TPV cell operating at 1000 K, through changes in both the photonic and electronic design parameters; this performance exceeds the Shockley-Quiesser limit for a single-junction solar cell under concentration. In short, TPV systems with properly chosen (i.e., optimized) photonic and electronic design elements offer extremely high theoretical efficiencies, as well as further unique advantages in reliability, portability, and power density. 
